Quantification of Cytoplasmic and Nucleoplasmic [Ca] Transients in Cardiomyocytes from Non-Failing and End-Stage Failing Human Hearts  by Sacherer, Michael et al.
102a Sunday, February 26, 2012sarcoplasmic reticulum (SR) Ca2þ release channel ryanodine receptor (RyR2)
underlies aberrant expression of miR-1 characteristic of cardiac disease by
triggering the CaMKII/MEF2 signaling cascade. Confocal Ca2þ imaging ex-
periments using myocytes isolated from CASQ2R33Q hearts and paced at
4 Hz, demonstrated that the basal level of intracellular Ca2þ and amplitude
of Ca2þ transients were increased by ~ 20% when compared to control myo-
cytes. qRT-PCR studies demonstrated that miR-1 expression was increased
~1.8 fold in CPVT hearts and Western blot analysis revealed the reciprocal
reduction of several miR-1 targets including junctin, IK1, and the regulatory
subunit of protein phosphatase 2a B56a which anchors phosphatase to the
RyR2. Increased association of MEF2C in CPVT hearts with the intragenic
enhancer that regulates miR-1 expression was confirmed by ChIP assay. Im-
portantly, intravenous injection of CPVT mice with anti-miR-1 antagomir (60
mg/kg) decreased miR-1 levels and reversed the miR-1-mediated reduction of
targeted proteins. Additionally, knockdown of miR-1 attenuated pro-
arrhythmic spontaneous Ca2þ release in CPVT myocytes under conditions
of beta-adrenergic stimulation. Overall, these results suggest that increased
expression of miR-1, secondary to hyperactivity of RyR2s, may play a role
in promoting triggered arrhythmia in hereditary diseases linked to RyR2 com-
plex gain-of-function mutations.
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A hibernating animal is more resistant to cardiac arrhythmias and sudden car-
diac death in winter than in summer. The mechanism(s) may involve reduced
oxidative stress level and CaMKII oxidation/activation, which confer the resis-
tance against ROS-induced early afterdepolarization. However, the potential
role(s) of intracellular calcium (Cai
2þ) handling adaptation remains to be elu-
cidated. In the present study, we compared Cai
2þ handling properties in ventric-
ular myocytes isolated from woodchucks in winter to those in summer. Cai
2þ
transients were imaged with a charge-coupled device (CCD) camera in fluo-
4-AM loaded ventricular myocytes under field stimulation. The average ampli-
tude (F/F0) of Cai
2þ transient was higher in myocytes isolated from winter
woodchucks (3.5 5 0.4, n=9) than those from summer ones (2.3 5 0.1,
n=11). In addition, the myocytes from woodchucks in winter showed faster
Cai
2þ cycling dynamics, with a significantly shorter half-time (196.5 5 16.4
ms, n=9) of Cai
2þ transients, compared to the myocytes from summer wood-
chuck (237.35 7.9.4 ms, n=11) (p < 0.05). Using the dynamic pacing proto-
col, we observed that Cai
2þ alternans occurred at a shorter onset pacing cycle
length (197.55 2.2 ms, n= 4) in myocytes isolated from winter woodchucks
than those from summer woodchucks (226 5 10 ms, n=15, p<0.05). We
also evaluated Ca2þ leak by measuring Cai
2þ spark frequencies by using con-
focal microscopy. Cells were field-stimulated for >8 beats (0.5 Hz) before the
incidence and frequency of Cai
2þ spark were measured. The myocytes isolated
from woodchucks in winter showed lower Cai
2þ spark frequency than those in
summer. These results suggest that the higher resistance to arrhythmia in winter
woodchucks may be (at least partially) associated with the adaptation of Cai
2þ
handling.
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The antiarrhythmic drug flecainide is effective in patients with catecholaminer-
gic polymorphic ventricular tachycardia (CPVT), a disease caused by muta-
tions in RyR2 Ca-release channels or calsequestrin (Casq2). Flecainide
inhibits RyR2 channels and blocks spontaneous Ca-release (SCR) in Casq2-
knockout (KO) cardiomyocytes, a CPVT model. However, a recent report
failed to find flecainide efficacy against SCRs in cardiomyocytes from another
CPVT model, RyR2R4496Cþ/- mice. To address this controversy, we compare
the effect of flecainide in Casq2-KO and RyR2-R4496C myocytes under iden-
tical conditions.
Method/Results: Ventricular myocytes from Casq2-KO and RyR2R4496Cþ/-
mice were loaded with Fura2-AM to measure intracellular [Ca]. After
30min exposure to flecainide (FLEC, 6mM) or vehicle (VEH), myocytes
were field-stimulated at 1Hz in presence of isoproterenol (1mM). SCRs
were quantified during a 40s pause post-pacing. The flecainide effect wasstrongly dependent on extracellular [Ca]. At 2mM Ca, only Casq2-KO my-
ocytes exhibited SCRs, which were strongly suppressed by flecainide (Fig-
ure). At 3mM Ca, both groups had frequent SCRs. Flecainide had reduced
efficacy in Casq2-KO but was highly
effective in RyR-R4496C myocytes
(Figure).
Conclusion: Flecainide inhibits SCRs in
all CPVT models tested. However, flecai-
nide efficacy is reduced by Ca overload,
which could explain the divergent litera-
ture reports.515-Pos Board B301
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Calcium signaling in cardiomyocytes is strongly influenced by the topology of
the sarcolemma (SL) and the distribution of sarcolemmal proteins, including
the L-type calcium channel (LCC) and sodium-calcium exchanger (NCX). Pe-
culiar to mammalian ventricular cardiomyocytes are sarcolemmal invagina-
tions called transverse tubules (TT) exhibiting high densities of LCC clusters
that trigger Ca2þ release from the sarcoplasmic reticulum (SR). Prior studies
of pharmacologically-disabled SR release in rabbit ventricular myocytes
have demonstrated that sub-micrometer resolution details of the SL geometry
shape local Ca2þ dynamics and suggest a feedback between cytosolic
[Ca2þ] and SL ion channel and transporter activity. Here we investigate the
hypothesis that the ordered spatial arrangement of TT and coupling between ad-
jacent tubules leads to an organized Ca2þ transient. Moreover, we compare
Ca2þ transients arising from clustered or continuously-distributed trigger
fluxes for the propensity to produce Ca2þ waves. Our findings are that 1)
the arrangement of TTs promotes a faster rise in [Ca2þ] transversely relative
to the longitudinal direction of cardiomyocytes and 2) clustering of SL trans-
porters along the TT promotes an axially-uniform calcium transient. These re-
sults evidence contribution of structural detail at sub-micrometer resolution to
excitation-contraction coupling and anomalous Ca2þ dynamics underlying
cardiac arrhythmias.
Supported by NBCR (NIH grant 2 P41 RR08605), NIH GM31749, NSF MCB-
0506593, MCA93S013, Center for Theoretical Biological Physics, Howard
Hughes Medical Institute, SDSC, W. M. Keck foundation, Richard A. and
Nora Eccles Fund for Cardiovascular Research.
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Alterations in intracellular Ca2þ handling may play a critical role in the path-
ophysiology of myocardial failure. Contractile dysfunction in end-stage human
heart failure may be attributed to reduced [Ca] transients (CaTs). We, therefore,
quantified electrically stimulated [Ca] transients in cardiac myocytes (CMs)
isolated from non-failing donor and explanted end-stage failing hearts.
Myocardial tissue samples were obtained from explanted failing hearts at the
time of transplantation (n ¼ 4) and unused donors (n ¼ 6). Ejection fraction
was significantly reduced in end-stage failing group as evaluated by transtho-
racic echocardiography (60.852.0% vs 13.7551.3%, P<0.05). Nucleoplasmic
and cytoplasmic CaTs were recorded confocally (LSM, Zeiss Meta 510) in
electrically-stimulated CMs loaded with Fluo-4/AM (8mM, 40min). Absolute
[Ca] values were calculated using previously described calibration procedure.
Diastolic nucleoplasmic and cytoplasmic [Ca] was significantly increased in
CMs obtained from failing hearts (153.157.1nM and 113.255.8nM vs
269.5514.5nM and 194.7524.0nM, n ¼ 10, P<0.05). However, the increase
was more prominent in nucleoplasmic compartment (126521nM vs
57533nM, P<0.05). Systolic [Ca] remained unchanged in both compartments.
Nucleo-to-cytoplasmic amplitude ratio was significantly reduced, meaning that
nucleoplasmic alterations were more prominent than cytoplasmic ones
(0.6650.07 vs 0.4850.05, P<0.05).
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plasmic and cytoplasmic compartments (TTP: 254.8516.9ms and 60.95
8.9ms vs 366.9519.7ms and 123511.6ms; RT50: 651.6542.7ms and
570.5529.3ms vs 758.2528.1ms and 657.1542.8ms, P<0.05), suggesting
the slower spread of CaTs throughout the cells isolated from end-stage failing
myocardium.
These results show that there are significant alterations of kinetic parameters
and amplitudes of nucleoplasmic and cytoplasmic [Ca] transients in condition
of end-stage heart failure.
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Induced Pluripotent Stem Cells derived Cardiomyocytes (iPSC-CM) have been
proposed as in vitro models of myocardial physiology and disease; however
a significant obstacle is their immature phenotype which is poorly representa-
tive of adult myocardium. We hypothesise that culture scaffolds which force
the alignment of iPSC-CM will improve important determinants of cellular
function such as Ca2þ handling properties.
iPSC-CM (Cellular Dynamics, Wisconsin) were seeded onto fibronectin coated
microgrooved polydimethylsiloxane (PDMS) scaffolds (MS) fabricated using
photolithography, or on unstructured PDMS membrane (UM). After two weeks
in culture iPSC-CM were loaded with Fluo-4 AM. Confocal microscopy was
used in line scanning mode whilst iPSC-CM were beating spontaneously, at
1Hz and 0.5Hz.
iPSC-CM cultured on MS had a shorter time to peak Ca2þ transient amplitude
(tP) when stimulated at 1Hz (Meanþ/-SEM: MS: 145þ/-6ms, n=37; UM:
200þ/-10ms, n=58; p=0.0002, Mann Whitney Test) and time to 50% transient
decay (t50) (Meanþ/-SEM: MS: 222þ/-8ms, n=37; UM: 258þ/-8ms, n=58;
p=0.0065) but no change in time to 90% transient decay (t90). At 0.5Hz there
was a shorter tP (Meanþ/-SEM: MS: 199þ/-11ms, n=37; UM: 242þ/-10ms,
n=64; p=0.0073) but no changes in t50 or t90. Similarly while iPSC-CM
were beating spontaneously, there was a reduced tP (Meanþ/-SEM: MS:
223þ/-19ms, n=18; UM: 280þ/-11ms, n=37; p=0.00121). The spontaneous
beating rate was unchanged between groups. SR Ca2þ release was elicited us-
ing 50mM caffeine and could be obtained consistently in 80% (n=38) of MS but
only 10% (n=17) of UM suggesting that SR Ca2þ regulation is improved by
culture on MS.
We conclude that structured culture improves Ca2þ cycling in iPSC-CM to
make them more representative of adult human myocardium, our provisional
data suggests this is related to sarcoplasmic reticulum maturity however further
characterization is required.
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Delayed afterdepolarizations (DADs) are frequently observed under condi-
tions that increase cellular and SR Caþ2. The high Caþ2 can cause sponta-
neous SR Caþ2 release and oscillations in the membrane potential. It is
these oscillations that evoke spontaneous action potentials in the myocytes,
leading to arrhythmias. Since myocytes are electrically coupled, any depolar-
ization that arises in one myocyte would be dampened due to dissipation of
the current in the neighboring myocytes. It is believed that some synchroniza-
tion mechanism exists that synchronizes DADs and action potentials in neigh-
boring cells. In our current study, we are interested in examining whether
there is a synchronization mechanism for the generation of triggered activity
in multicellular cardiac preparations. Trabeculae isolated from rat hearts were
mounted on a modified confocal microscope that was equipped with a force
transducer. Trabeculae were loaded with Rhod-2 AM, and were washed
with buffer containing BDM and blebbistatin to stop contraction and allow
for Caþ2 imaging. Combination of 0.5 mM caffeine and a range of concen-
trations of isoproterenol (100–300 nM) were added to the perfusion to induce
DADs. Line scans were acquired and fluorescence emitted were expressed as
DF/F0. The addition of caffeine and isoproterenol show an increased inci-
dence of DADs, with more DADs occuring as the concentration of isoproter-
nol was increased. The amplitude of the DADs, in comparison to the
stimulated twitch, was also increased with increasing isoproternol concentra-
tion. In similar experiments without BDM/blebbistatin, examining the forcetracings, the DADs occured in a synchronous manner in neighboring myo-
cytes eventually leading to contractions that are similar to those that were
paced. The line scan images also show similar findings, where the Caþ2 tran-
sient amplitudes were analyzed. Collectively, these results suggest that intra-
cellular, diastolic SR Ca release is can become synchronized in a multicellular
cardiac preparation.
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Sympathetic heart rate acceleration is a complex orchestration of intercellular,
subcellular and molecular events. According to a modern concepts, rhythmic
local Ca2þreleases (LCRs), generated by a subcellular ‘‘Ca-clock’’, interact
with a ‘‘membrane-voltage-clock’’, forming a coupled-clock system that pro-
duces rhythmic action potentials (AP). We imaged LCRs using a fast-2D-
camera with simultaneous AP recording via perforated-patch-clamping to
explore how b-AR stimulation modulates the phase and synchronization of
the ensemble of individual LCRs within a given diastole to accelerate sponta-
neous beating rate. In single rabbit SA-node cells (36oC) isoproterenol
(100nM): (i) synchronized LCR occurrence [the standard deviation of individ-
ual LCR periods (time from Ca2þtransient peak to LCR occurrence) decreased
(30%; baseline,71.5ms vs. ISO,50ms)], (ii) shifted the LCR phases to earlier
time-point, (iii) shifted ‘‘Ca-nadir’’, i.e. time-point when AP-induced Ca2þ-
transient decay ceases and [Ca2þ] begins to increase due to the occurrence
of LCRs (time from maximum-diastolic-potential to Ca-nadir: baseline,
103ms vs. ISO,86ms); (iv) accelerated diastolic depolarization (baseli-
ne,0.09mV/ms vs. ISO,0.15mV/ms); (v) shortened spontaneous cycle length
(baseline,420ms vs. ISO,345ms). We previously had demonstrated a close re-
lationship between the decay of the global AP-induced Ca2þ transient and the
LCR phase (within a given cycle) and the AP cycle length; we now found that
the decays of each LOCAL Ca2þTransient (LCaT) induced by the prior AP
vary in different subcellular locations/neighborhoods and that isoproterenol
not only accelerated LCaT-decays (average time constant t: baseline, 104 vs.
ISO,87ms) but also synchronized LCaT-decays among neighborhoods (t’s
SD/mean: baseline,40.5% vs. ISO,33.7%). More synchronous LCaT-decay
mirrors more synchronous local SR Ca2þ-pumping and therefore more syn-
chronous achievement of the threshold SR Ca load required for spontaneous
LCR occurrence. Thus, earlier and more synchronized LCR occurrence under
b-AR stimulation insures an earlier and larger Naþ/Ca2þ-exchanger current
that ultimately accelerates diastolic depolarization rate.
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In this study we tested the hypothesis that local Ca-induced Ca release (CICR)
within ryanodine receptor (RyR2) release clusters plays an important role in de-
fining spark-mediated sarcoplasmic reticulum (SR) Ca leak.We studied to what
degree changes of cytosolic Ca buffer capacity affect single RyR activity in
lipid bilayers, Ca spark properties, and SR Ca leak in permeabilized ventricular
myocytes. No substantial changes in single RyR2 function were observed if
BAPTA (a fast Ca buffer) was added (holding free Ca constant) to the
EGTA-buffered cytosolic solution. However, the same cytosolic BAPTA addi-
tion almost completely eliminated Ca sparks in cells. The elimination of Ca
sparks by BAPTA was not due to a decrease in SR Ca load. The addition of
the fast cytosolic Ca buffer significantly decreased SR Ca leak, particularly
at high [Ca]SR (>400 mM) where Ca sparks significantly contribute to SR Ca
leak. In contrast, lowering cytosolic Ca buffer capacity (by decreasing
EGTA from 0.36 to 0.1 mM; keeping free Ca constant) drastically increased
Ca spark frequency and width, leading to generation of multifocal (or propagat-
ing) Ca sparks. This decrease in cytosolic Ca buffer capacity also significantly
accelerated SR Ca leak as a result of augmentation of Ca spark-mediated com-
ponent of SR Ca leak. In conclusion, by changing cytosolic Ca buffering (ca-
pacity or affinity) we were able to experimentally separate Ca spark- and
non-spark- mediated component of the overall SR Ca leak in ventricular myo-
cytes. These data also suggest that changes in the dynamics of local cytosolic
Ca handling (buffering, extrusion, etc.) are physiologically important in deter-
mining the degree of spark and non-spark mediated SR Ca leak.
